To increase the design experience gained by undergraduate engineering students and to enhance their iterative thinking skills needed in the engineering profession, a new project was developed and assigned in the sophomore-level thermodynamics class taught at the University of Alabama. Students designed a mechanism using a toy drinking bird as a heat engine with the goal of minimizing the time required to raise a small weight a given distance. Besides building teamwork and design skills, several key thermodynamic concepts were also visualized for the students, thus increasing their overall comprehension of the course material.
Introduction
The challenge was recently made in an engineering education article addressing design pedagogy [1] to incorporate more aspects of project design skills into all parts of the engineering curriculum. With this goal in mind, the authors, who each taught a section of the sophomore-level thermodynamics course at the University of Alabama during fall 2006, developed and assigned a project that introduced the students to the design process while at the same time giving them an experiential learning opportunity for several key concepts covered within the course.
Students were divided into small groups and given the challenge of designing and building a device to raise, in the shortest possible time, a small weight (two pennies) over a certain height (one foot) through the power output alone provided by the classical toy drinking bird (Fig. 1) . The toy drinking bird (a.k.a. dippy bird, dunking duck or bobbing bird), invented in 1946 [2] , is a simple device that can actively demonstrate to students thermodynamic properties and concepts such as pressure, vapor pressure and phase change, as well as the operational principles of a heat engine.
Background
Several researchers and educators have studied the drinking bird [3] [4] [5] [6] [7] [8] , with many giving estimates and measurements relating to the bird's energy and power output. For instance, Lorenz [6] measured 0.27 mW for a bird operating in a fairly dry environment (relative humidity of 35%) in a room at 25º C.
The working premise behind the toy is that a volatile liquid (typically dyed methylene chloride) is contained within the bird's body ( Fig. 2) and when the bird's beak is placed in a cup of water, heat is extracted from the bird's head (cold chamber) as the water evaporates into the ambient atmosphere. This causes a lowering of the pressure in the upper bulb, the liquid column rises up, and the bird tips over. When the bird tips, the two vapor chambers meet and some vapor is pushed from the lower bulb into the upper bulb. This process repeats over again so long as the bird has a source of water to wet its beak and head. However, the bird can also work by heating only the tail (warm chamber), for instance by hot water. In this case the pressure in the bottom bulb is increased to cause the bird to begin its bobbing motion.
The drinking bird acts as a heat engine, performing work when 'drinking' water by absorbing heat from the ambient air and losing heat via evaporative cooling of the fuzzy head of the bird. The cycle over which work is produced can be analyzed from a thermodynamic standpoint [8] . Consider the cycle to consist of three processes taking place on a fl uid system consisting of the vapor contained in the bird's head:
A → B. The bird is upright and cooling of the head and heat absorption at the tail causes the liquid column to rise in the neck of the bird. The gas in the head is being compressed, the temperature of the system is decreasing and its entropy decreases. The bird is slowly tipping downwards. B → C. The bird reaches the horizontal position and the system comes in contact with the vapor from the lower chamber and its temperature increases back to the ambient temperature. The entropy of the system increases as the vapor expands and the process takes place at a faster rate than process A → B. Since the heat absorbed by the system is positive, the initial rate of temperature rise must be greater than the entropy rise and the cycle passes through point A on the upper half of the curve in the T-s diagram depicted in Fig. 3 . During this process the bird remains in the horizontal position and at the end of the process the system reaches its highest entropy state. C → A. This process is representative of a refueling stroke as the bird returns to the vertical position and the entropy is reduced within the system. Really the vapor in the system cycles between points A and B, but point C is needed to model the refueling.
Vemulapalli [8] derived a Carnot effi ciency for the bird. Considering the lowest and highest corresponding temperatures for the vapor to consist of (T 1 , P 1 ) in the head and (T 2 , P 2 ) in the tail respectively, one can begin with the Carnot effi ciency:
Knowing the difference between the pressures in the head and tail is proportional to rgh, where r is the density of the liquid and h is the height of the liquid column, one can now use the Clausius-Clapeyron equation: where ΔH v is the enthalpy of vaporization of the liquid in the bird. Combining equations 1 and 2, the Carnot effi ciency is expressed as:
Note that effi ciency decreases as the enthalpy of vaporization increases. Vemulapalli [8] also points out that maximum energy effi ciency occurs as the processes in the cycle move closer towards being reversible; however, in that case the power output of the bird would approach zero. Note also that the effi ciency increases with the column height (e.g. if the neck were doubled in length, the energy output would also be doubled), but since the time it takes to reach that height is also increased, the power output remains the same.
Description of project
In this project students are permitted to devise means by which the head can be further cooled or the tail heated to increase the overall temperature difference across the bird, and thus the power output of the bird, in order to raise the weight in the least amount of time. The overall semester-long competition was separated into three phases, each of which had an associated competition.
The use of small groups was chosen as a well established means of promoting more favorable attitudes and persistence in learning course material [9] . Teams consisting of three groups, termed 'phase groups' as each was assigned to one of the three phases of the project, were formed and tasked with the overall semester objective. These phase groups were linked, in order to facilitate a means by which later phase groups could continuously improve upon the device a previous phase group had designed. This process encourages concept evaluation, whereby the overall team should arrive at a superior, optimal solution [10] . For instance, phase 2 would take the device phase 1 had built and by team consensus make improvements or decide to build an entirely new design. Students competing in later phases were encouraged to attend the earlier competitions to learn from the various groups' mistakes and successes. For example, a few groups were disqualifi ed from the phase 1 competition because not all of the energy their device used to raise the pennies came from the power output of the dippy bird. While it was stressed from the moment of assignment that the bird was not to be used as a trigger mechanism, several groups used the bird to trigger counterweights within the working device to raise the weight. In these cases, the phase 2 group typically had to start the design process over, since the device's functionality was dependent on the use of nonreplenished potential energy.
The later phase groups also benefi ted from the additional course material covered as the semester progressed. For example, having learned that the effi ciency of a Carnot cycle is described by equation 1, above, phase 2 and 3 groups were inspired to increase the warm bulb or decrease the cold bulb temperatures of their modifi ed designs. While the phase 2 and 3 groups benefi ted from experienced gained from International Journal of Mechanical Engineering Education 36/4 their predecessors and additional classroom material, observations among the teams during the phase competitions served to re-level the playing fi eld somewhat, since the groups were free to examine their competitors' efforts. This factor added a realworld component to the competition, as it emulates competitive product evaluations that companies must perform to ensure their products continue to attract customers. Earlier phase groups were also encouraged to stay engaged in their team's effort by linking a portion of their overall grade to the performance of their team's fi nal, optimized design. Furthermore, the fi nal report was a full team effort, with its grade equally assigned to all phases.
The reasoning behind this phase group/team structure was to minimize the time burden on the students, and to avoid an end-of-semester rush to fi nish the project. This organization of the project stressed a continuing improvement process for the design, resulting in a cooperative and iterative methodology considered to be the most productive for design [10] . By maintaining incentives for the phase groups to stay engaged outside their assigned phase, each student had the opportunity to gain the majority of the analytical, design and team-building experience associated with the project while minimizing individual workload.
Each phase had a competition between all groups of both thermodynamics classes, the winner of each competition being the phase group capable of raising two pennies one foot in height in the shortest amount of time. The winning times varied during each phase. The best time achieved (during the fi nal phase) was just under two minutes; the longest was approximately seven minutes. The time seemed to be most affected by mechanical rather than thermal effi ciency. The heat addition and rejection temperatures were generally similar among the designs, but the winners had very low component friction and used a unique ratcheting system utilizing a strip of Velcro for the teeth that was very effective in preventing lost motion as the bird recoiled. Most groups were able to design and build a working device from off-theshelf parts found in a hardware or hobby store, or with materials readily available at the College of Engineering machine shop. Thus supply costs were minimal and averaged well below $100 per team. Two working designs built over the course of the semester are shown in Fig. 4 .
Student project outcomes
Upon completing the project, students came away from the class with a practical understanding of some key concepts taught in a basic engineering thermodynamics course. For instance, since the working fl uid is a saturated liquid-vapor mixture, students can more easily visualize the phase change and the resulting change in specifi c volume (and volume). As the fl uid in the tail is heated, the volume occupied by the vapor in the tail increases, causing the column of fl uid in the neck to rise. Likewise, the vapor in the head is cooled, reducing its occupied volume, and any condensation of the vapor will collect also in the neck.
Most signifi cantly, students were able to better understand the working concepts behind a heat engine, in that the bird uses a temperature difference between its head and tail to produce a work output through its rotational motion. They realized that by increasing this temperature difference, and thus the amount of heat taken in by the bird at its tail and the amount of heat rejected at its head, the work output of the bird could be increased. This higher work output is manifested through an increase in the frequency of rotation of the bird (due to the fl uid rising faster in the neck). Thus, the difference between power output and work output becomes more conceptually clear to the student through this visual demonstration of these quantities. A copy of the paper by Vemulapalli [8] was given to the students as it contains an excellent discussion of the trade-offs with respect to energy and power output for the drinking bird, and students were asked in their written reports to discuss these concepts.
Finally, an introduction to the design process was provided with the assignment of this project to a sophomore-level engineering class. Several educational outcomes related to ABET criteria resulted from the incorporation of this project into the course. These include:
(1) designing a system (namely, a machine to extract work output from the drinking bird) to meet a desired goal (to raise a given weight a certain height in the shortest amount of time); (2) cultivating teamwork skills (3) gaining profi ciency in the design process, include performing trade-offs and achieving compromises necessary to meet stated design objectives.
Summary
A sophomore-level design project was assigned in the thermodynamics course at the University of Alabama and was successfully completed. Students were divided into groups who worked over the course of a semester to improve upon an initial design; the objective was to use a toy drinking bird as a source of power to raise a given weight a certain height in the shortest amount of time. Students gained introductory experience into an iterative design process [10] , enhanced their collaborative skills to prepare them for their future engineering profession [9] , and also gained an increased comprehension of fundamental course material in thermodynamics.
